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Nickel-substituted  double-perovskites,  LnBaCoi.6Nio.405+5  (LnBCN,  Ln  =  Pr,  Nd  and  Sm),  are  investigated 
as  potential  cathode  materials  for  intermediate-temperature  solid-oxide  fuel  cells  based  on  the 
Ceo.8Sm0.20i.9  (SDC)  electrolyte.  The  LnBCN  materials  exhibit  high  chemical  compatibility  with  the  SDC 
electrolyte  at  950  °C  for  2  h.  Substitution  of  Ni  for  Co  decreases  the  thermal  expansion  coefficient  and  the 
electrical  conductivity,  as  compared  with  the  nickel-free  samples  while  retaining  desirable  electro¬ 
chemical  performance.  The  area-specific  resistances  of  the  LnBCN  samples  on  the  SDC  electrolyte  where 
Ln  =  Pr,  Nd,  and  Sm  at  700  °C  are  0.056,  0.077,  and  0.11  Qcm2,  respectively.  For  Ln  =  Pr,  Nd,  and  Sm 
cathodes,  the  maximum  power  densities  of  the  electrolyte-supported  Ni-SDC/SDC/LnBCN  single  cells 
with  a  0.3  mm  thick  SDC  electrolyte  reach  732,  714,  and  572  mWcm'2  at  800  °C,  respectively.  These 
results  show  that  nickel-substituted  LnBCN  double-perovskites  are  potential  cathode  candidates  for  use 
in  IT-SOFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid-oxide  fuel  cells  (SOFCs)  are  all-solid  electrochemical 
energy  conversion  devices  that  directly  convert  the  chemical 
energy  in  fuel  to  electricity  with  high  conversion  efficiency  and  low 
pollution  emission.  One  of  the  major  challenges  in  the  development 
of  SOFCs  is  the  reduction  of  their  operating  temperature  to  the 
intermediate-temperature  (IT)  range  of  600-800  °C  in  order  to 
improve  the  reliability  and  lifetime  of  the  cell  system  and  to  lower 
the  costs  [1].  However,  with  the  reduction  of  the  operating 
temperature,  the  cathodic  polarization  resistances  sharply  increase 
because  the  kinetics  of  the  oxygen  reduction  reaction  is  consider¬ 
ably  slower  at  temperatures  below  800  °C  [2].  Therefore,  the 
development  of  new  cathode  materials  with  high  electrocatalytical 
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activity  in  the  intermediate-temperature  range  is  vital  to  achieving 
the  goals  of  IT-SOFC  technologies  [3]. 

One  strategy  for  developing  IT-SOFC  cathodes  is  to  use  a  mixed 
electronic  and  ionic  conductor  (MIEC),  such  as  Sr-doped  LnCo03 
(Ln:  lanthanide)  and  their  derivatives,  to  replace  the  conventional 
Sr-doped  LaMn03  cathode  [4,5].  By  introducing  bulk  ion  transport, 
the  oxygen  species  may  be  transported  through  the  bulk  of  the 
electrode,  and  the  electrochemically  active  region  can  be  extended 
to  a  finite  width  from  the  electrode/electrolyte  interface,  thereby 
improving  the  kinetics  at  temperatures  below  800  °C  [2, 4, 6, 7].  The 
LnBaCo205+«5  (Ln  =  La,  Pr,  Nd,  Sm,  Gd,  and  Y)  double-perovskites 
were  recently  developed  as  potential  cathode  materials  for  IT- 
SOFCs  because  of  their  high  electronic  conductivity  and  sufficient 
oxygen  ionic  transport  [8-17].  For  example,  LnBaCo205+(5  (Ln  =  Pr, 
Nd,  Sm,  and  Gd)  materials  show  >340  S  cm-1  conductivity  at 
800  °C  [18],  which  meets  the  electrical  conductivity  requirement  of 
IT-SOFC  cathode  materials.  The  oxygen  ionic  conductivity  of  the 
GdBaCo205+<5  sample  was  reported  to  be  0.01  S  cm-1  at  500  °C  [19]. 
The  bulk  diffusion  in  PrBaCo20s+(5  is  larger  than  that  in 
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GdBaCc>205+(5  [13],  implying  that  the  former  has  a  higher  ionic 
conductivity  than  the  latter  under  the  same  conditions.  The 
attractive  MIEC  properties  of  LnBaCo20s+5  make  this  system  more 
suitable  for  use  as  an  IT-SOFC  cathode.  However,  like  other  Co¬ 
containing  perovskite  cathodes,  the  high  thermal  expansion  coef¬ 
ficient  (TEC)  ofLnBaCo205+(5  is  a  major  factor  in  the  development  of 
double-perovskite  cathodes.  For  Co-based  perovskite  cathodes, 
a  thermally  induced  spin-state  transition  of  the  Co3+  ion  from  the 
low  spin  (or  intermediate  spin)  to  the  high-spin  states  is  respon¬ 
sible  for  the  high  TECs  [20-22].  Thus,  the  lowering  of  the  Co 
content  in  Co-containing  cathodes  is  one  of  the  more  effective 
approaches  for  TEC  reduction.  Kim  et  al.  [22]  and  Wei  et  al.  [23] 
separately  demonstrated  that  the  substitution  of  a  small  amount 
of  Co  with  Ni  in  NdBaCo205+<5  and  GdBaCo20s+(5  can  effectively 
reduce  the  TECs  of  these  materials.  For  example,  the  TEC  of 
GdBaCo2-xNi*05+<5  materials  between  30  and  900  °C  decreased 
from  20.0  x  10“6  K”1  for  x  =  0.0-15.5  x  10”6  K_1  for  x  =  0.3  [23], 

To  lower  TECs  while  maintaining  high  cathode  performance, 
LnBaCoi.6Ni0.4O5+<5  (LnBCN,  Ln  =  Pr,  Nd,  and  Sm)  double- 
perovskites  are  systematically  investigated  as  a  potential  cathode 
material  for  IT-SOFCs.  The  TECs  of  the  LnBCNs  can  be  lowered  to 
maximize  the  substitution  of  Co  by  Ni  to  take  into  account  the  solid 
solubility  limit  of  Ni  in  the  LnBCNs  [24].  Thus,  20%  Co  ions  were 
substituted  with  Ni.  The  phase  composition,  chemical  compati¬ 
bility,  electrical  conductivity,  TEC,  and  electrochemical  perfor¬ 
mance  of  the  LnBCN  materials  are  presented. 

2.  Experimental 

The  double-perovskite  LnBaCoi.6Ni0.4O5+,5  (LnBCN,  Ln  =  Pr,  Nd, 
and  Sm)  samples  were  synthesized  via  a  modified  sol-gel  process. 
Citrate  and  ethylenediamine  tetraacetic  acid  (EDTA)  were  used  as 
parallel  complexing  agents.  Pr6On  (99.9%),  Nd203  (99.9%),  Sm203 
(99.9%),  Ba(N03)2  (99%),  Co(N03)2-6H20  (99%),  and  Ni(N03)2-6H20 
(99.9%)  were  used  as  the  starting  materials.  The  required  amounts 
of  the  above  chemicals  were  prepared  into  their  respective  mixed 
solutions  according  to  the  molecular  composition  of  LnBCN.  EDTA 
and  citric  acid  were  introduced  at  a  molar  ratio  of  EDTA: citric 
acid:total  metal  ions  at  1 : 1.5:1.  The  pH  of  the  solution  was  adjusted 
to  8  by  adding  a  NH3  •  H20  solution.  After  converting  the  sample  into 
a  viscous  gel  under  heating  and  stirring  conditions,  the  viscous  gel 
was  dried  at  150  °C  for  10  h  to  form  a  powder  precursor.  The 
precursor  powders  were  first  calcined  at  1000  °C  for  10  h.  The 
LnBCN  powders  were  then  pressed  into  pellets  (13  mm  in  diameter 
and  1  mm  thickness)  and  cylinders  (6  mm  in  diameter,  5—6  mm 
thickness)  at  200  MPa  and  subsequently  sintered  at  1200  °C  for 
10  h.  Ce0.8Sm0.2Oi.9  (SDC)  and  NiO  powders  were  synthesized  via 
the  glycine-nitrate  process.  Dense  SDC  samples  were  prepared  by 
pressing  the  powders  into  pellets  (13  mm  in  diameter)  and  sin¬ 
tering  at  1400  °C  for  10  h  in  air.  The  thickness  of  the  final  SDC 
pellets  was  fixed  at  0.3  mm  by  grinding  the  two  sides  of  the 
samples.  The  composite  anode  was  prepared  by  mixing  NiO 
powders  with  SDC  powders  at  a  weight  ratio  of  65:35. 

Phase  purity  and  structural  analyses  were  performed  using  an 
X-ray  diffractometer  (Rigaku-D-Max  yA,  A  =  0.15418  nm)  at  an 
angle  of  0.02°  and  in  the  20-80°  scanning  range.  The  chemical 
compatibilities  of  the  LnBCN  samples  with  the  SDC  electrolyte  were 
investigated  by  calcining  a  mixture  of  the  two  material  powders  in 
air  at  950  °C  for  2  h. 

The  electrical  conductivities  of  the  samples  sintered  at  1200  °C 
for  10  h  were  measured  in  air  using  the  van  der  Pauw  method  from 
300  °C  to  850  °C.  The  TEC  of  the  samples  sintered  at  1200  °C  for 
10  h  was  measured  in  air  using  a  dilatometer  (Netzsch  DIL  402C)  in 
the  30  °C  to  1000  °C  temperature  range.  A  heating  rate  of 
5°Cmin_1  and  an  air  flow  rate  of  60mLmin_1  were  used. 


Symmetrical  LnBCN/SDC/LnBCN  cells  were  prepared  by  screen¬ 
printing  and  calcining  at  950  °C  for  2  h  in  air.  The  symmetrical 
cells  were  then  analyzed  via  impedance  spectroscopy  using  an 
electrochemical  analyzer  (CHI  604D,  Chenhua,  China).  Measure¬ 
ments  were  performed  in  the  0.1  Hz  to  100  kHz  frequency  range 
and  at  an  AC  amplitude  of  10  mV  under  open-circuit  conditions. 
The  impedance  data  were  fitted  using  Z-View  3.1  software. 
Electrolyte-supported  Ni-SDC/SDC/LnBCN  single  cells  were 
prepared  via  screen-printing.  The  anode  layer  on  the  SDC  electro¬ 
lyte  was  first  sintered  at  1250  °C  for  4  h.  The  cathode  layer  on  the 
opposite  side  of  the  SDC  was  subsequently  fired  at  950  °C  for  2  h. 
The  single  cells  were  examined  from  600  °C  to  800  °C,  with  dry 
hydrogen  as  the  fuel  and  ambient  air  as  the  oxidant.  The  fuel  flow 
rate  was  approximately  100  mLmin-1. 

3.  Results  and  discussion 

3 A.  XRD  analysis,  crystal  structure,  and  chemical  compatibility 

Fig.  1(a)— (c)  show  the  XRD  patterns  of  the  LnBCN  (Ln  =  Pr,  Nd, 
and  Sm)  samples  after  sintering  at  1200  °C  for  10  h  in  air.  The  XRD 
patterns  clearly  indicate  that  all  LnBCN  samples  formed  double- 
perovskite  structures.  No  appreciable  impurity  peaks  were 
observed  for  these  Ni-substituted  samples.  All  samples  are  single¬ 
phase,  indicating  that,  first,  the  phase-pure  LnBCN  samples  can 
be  obtained  by  sintering  at  1200  °C  for  10  h  and,  second,  that  the  Ni 
content  is  lower  than  the  solid  solubility  limit  of  Ni  in  LnBCN 
[22,24].  The  XRD  patterns  of  the  PrBCN  and  NdBCN  samples  in 
Fig.  1(a)  and  (b)  can  be  indexed  as  primitive  tetragonal  structures 
with  the  P4/mmm  space  group,  which  is  in  agreement  with 
NdBaCo2_xNix05+(5  (0  <  x  <  0.4)  data  reported  by  Kim  et  al.  [22].  The 
XRD  pattern  of  the  SmBCN  sample  in  Fig.  1(c)  is  indexed  to  the 
primitive  orthorhombic  structure  with  Pmmm  symmetry,  which  is 
consistent  with  the  GdBaCo2^xNix05+,5  (0<x<0.4)  crystal  struc¬ 
tures  reported  by  Wei  et  al.  [23]  and  Bharathi  et  al.  [24]. 

The  crystal  structure  of  LnBaCo20s+5  is  closely  associated  with 
the  lanthanide  ionic  radius  and  the  oxygen  content  [25—27].  An 
earlier  study  showed  that  LnBaCo20s+5  oxides  with  a  larger 
lanthanide  ionic  radius  (such  as  Pr3+  and  Nd3+)  can  be  crystallized 
into  a  tetragonal  structure,  whereas  those  with  an  intermediate 
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Fig.  1.  XRD  patterns  of  the  LnBCN  samples  and  LnBCN-SDC  mixtures:  (a)  PrBCN,  (b) 
NdBCN,  (c)  SmBCN,  (d)  SDC,  (e)  PrBCN-SDC,  (f)  NdBCN-SDC,  and  (g)  SmBCN-SDC.  The 
LnBCN  and  SDC  samples  were  sintered  in  air  at  1200  and  1400  °C  for  10  h,  respectively. 
The  LnBCN-SDC  mixtures  were  calcined  at  950  °C  for  2  h. 
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lanthanide  ionic  radius  (such  as  Sm3+  and  Gd3+)  can  be  crystallized 
into  an  orthorhombic  structure  [25,26].  Therefore,  all  XRD  patterns 
of  the  PrBCN  and  NdBCN  samples  can  be  indexed  to  a  tetragonal 
structure,  whereas  that  of  the  SmBCN  sample  is  indexed  to  an 
orthorhombic  structure.  Kim  et  al.  [22]  studied  the  crystal  structure 
of  NdBaCo2-xNix05+(5  (0<x<0.6)  materials.  They  found  that  the 
x  =  0.6  sample  exhibited  peak  broadening  at  26  ~  46.5°  and  77.5°, 
which  is  a  key  structural  characteristic  of  the  orthorhombic  phase 
in  such  materials.  Fig.  2  shows  the  magnified  XRD  patterns  of  the 
LnBCN  samples  in  the  45°  <26  <  80°  range.  The  XRD  patterns  of  the 
PrBCN  and  NdBCN  samples  are  highly  different  from  that  of  the 
SmBCN  sample  at  26  «  46-47°  and  76.5-78.5°.  Broadened  XRD 
peaks  are  clearly  observed  in  the  SmBCN  sample,  suggesting  that 
SmBCN  crystallizes  into  an  orthorhombic  structure.  The  unit-cell 
parameters  of  the  LnBCN  samples  are  listed  in  Table  1.  The  unit¬ 
cell  parameters  of  NdBCN  are  in  agreement  with  the  data  re¬ 
ported  by  Kim  et  al.  [22]. 

Fig.  l(e)-(g)  show  the  XRD  patterns  of  the  LnBCN  and  SDC 
mixtures  after  calcining  at  950  °C  for  2  h  in  air.  All  XRD  peaks  can  be 
indexed  to  a  physical  mixture  of  the  LnBCN  and  SDC  phases.  No 
additional  diffraction  peaks  nor  distinct  shifts  in  the  diffraction 
peaks  are  observed,  suggesting  that  the  LnBCN  materials  are 
chemically  compatible  with  the  SDC  electrolyte  at  950  °C  for  2  h. 
Kim  et  al.  [22]  also  demonstrated  that  the  NdBaC02  xNix05+«5  and 
Gdo^Ceo.sOi.g  (GDC)  mixture  was  chemically  compatible  when 
x  =  0.0,  0.4,  and  0.6  after  calcining  at  1000  °C  for  3  h,  which 
provides  good  support  for  the  chemical  compatibility  in  this  work. 

3.2.  Thermal  expansion  and  electrical  behaviors 

Fig.  3  shows  the  thermal  expansion  curves  of  the  LnBCN  samples 
at  temperatures  between  30  and  1000  °C  in  air.  The  average  TECs 
are  listed  in  Table  1.  The  TECs  of  the  samples  significantly  decrease 
with  the  change  from  Ln  =  Pr  to  Sm.  This  decrease  is  mainly  due  to 
the  decrease  in  the  ionicity  of  the  Ln-0  bonds  because  of  the 
generally  larger  thermal  expansion  of  ionic  bonds  compared  with 
that  of  covalent  bonds  [12].  Compared  with  undoped  LnBaCo205+(5 
cathodes,  the  substitution  of  Ni  for  Co  lowers  the  TECs  of  the  LnBCN 
samples  in  the  30-1000  °C  temperature  range  in  air,  from 
21.5  x  10“6  l<  1  for  PrBaCo205+(5  to  20.6  x  10“6  K_1  for  PrBCN.  from 
21.0  x  10“6  K-1  for  NdBaCo205+5  to  19.4  x  10”6  K-1  for  NdBCN.  and 
from  19.1  x  10“6  K-1  for  SmBaCo205+5  to  16.6  x  1(T6  I<T 1  for 
SmBCN.  These  values  are  ~4%,  8%,  and  13%  lower  than  those  of  the 


Table  1 

Unit-cell  parameters  and  thermal  expansion  coefficients  (TECs)  of  the  LnBCN 
(Ln  =  Pr,  Nd,  and  Sm)  materials. 


Samples 

Unit-cell  parameters 

TECx  10"6  (K_1) 

a  (nm) 

b  (nm) 

c  (nm) 

V  (nm3) 

PrBCN 

0.39076 

0.76375 

0.11662 

20.6 

NdBCN 

0.39022 

0.76200 

0.11603 

19.4 

SmBCN 

0.39162 

0.38874 

0.75769 

0.11608 

16.6 

LnBaCo205+«5  for  Ln  =  Pr,  Nd,  and  Sm,  respectively.  The  TEC  of 
NdBCN  in  this  study  is  higher  than  that  reported  by  Kim  et  al. 
(16.9  x  10_6K_1  in  the  80  °C  to  900  °C  temperature  range)  [22]. 
Attempts  to  reduce  the  TEC  further  are  hindered  because  of  the 
lower  solid  solubility  limit  of  the  Ni  in  the  LnBCN.  The  reduction  in 
the  TEC  of  the  LnBCN  samples  can  be  attributed  to  the  decrease  in 
the  Co  content.  As  mentioned  in  the  Section  1,  the  spin  state 
transition  of  the  Co3+  ion  from  the  low-spin  to  the  high-spin  states 
is  responsible  for  the  high  TECs  [20-22].  The  substitution  of  Ni  for 
Co  in  LnBaCo205+^  decreases  the  Co  content,  which  results  in  the 
decrease  in  the  spin-state  transition  of  the  Co3+  ions  and  lowers  the 
TECs  of  LnBCN  compared  with  those  of  the  undoped  LnBaCo205+^. 

Fig.  4  shows  the  variations  in  the  electrical  conductivity  of  the 
LnBCN  (Ln  =  Pr,  Nd,  and  Sm)  samples  with  temperature.  The  elec¬ 
trical  conductivities  of  the  LnBCN  samples  decrease  with  increasing 
temperature,  which  is  indicative  of  a  metallic  conducting  behavior. 
At  a  given  temperature,  the  electrical  conductivity  of  the  LnBCN 
samples  decreases  from  Ln  =  Pr  to  Sm  because  of  the  increase  in  the 
oxygen  vacancy  concentration,  as  well  as  the  consequent  pertur¬ 
bation  of  the  O-Co-O  interaction  and  carrier  delocalization  [12]. 

The  electrical  conductivities  of  the  LnBCN  samples  decrease 
compared  with  those  of  the  undoped  LnBaCo205+(5  cathodes  [18]. 
This  result  is  mainly  due  to  the  increase  in  the  oxygen  vacancy 
concentration  in  LnBCN,  which  results  in  a  decrease  in  the  carrier 
concentration.  Kim  et  al.  [22]  demonstrated  that  the  oxygen 
content  in  NdBaCo20s+5  decreases  with  increasing  Ni  content.  For 
example,  the  oxygen  content  in  NdBaCo205+(5  decreased  from  5.85 
for  the  x  =  0.0  sample  to  5.78  for  the  x  =  0.4  sample  with  increasing 
Ni  content.  Electron  transport  in  LnBaCo20s+5  may  be  achieved  by 
the  electron  transfer  between  multivalent  metal  ions  at  the  B-site 
and  oxygen  ion  [12]  via  the  adjacent  Co3+-0-Co4+  connecting 
network.  The  Co  ion  concentration  in  LnBCN  materials  is  decreased 


Fig.  3.  Thermal  expansion  curves  of  the  LnBCN  samples  (Ln  =  Pr,  Nd,  and  Sm)  between 
30  and  1000  °C  in  air. 
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Fig.  4.  Temperature  dependence  of  the  electrical  conductivity  of  the  LnBCN  samples 
(Ln  =  Pr,  Nd,  and  Sm)  in  air. 
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because  of  the  substitution  of  Ni  for  Co.  In  addition,  the  electron 
transport  is  further  hindered,  thus  resulting  in  a  decreased  elec¬ 
trical  conductivity.  The  electrical  conductivity  of  the  LnBCN 
samples  is  higher  than  235  S  cm-1  at  temperatures  between  300 
and  850  °C  in  air,  which  meets  the  electrical  property  requirements 
of  IT-SOFC  cathodes. 

3.3.  Impedance  spectroscopy 

Fig.  5  shows  the  typical  impedance  spectra  of  the  LnBCN/SDC / 
LnBCN  symmetrical  cells  measured  in  air  at  600  and  800  °C.  The 
ohmic  resistance  was  deducted  to  facilitate  the  comparison.  The 
impedance  spectra  consist  of  a  high-frequency  arc  and  a  low- 
frequency  arc,  which  indicate  the  occurrence  of  at  least  two  elec¬ 
trode  oxygen  reduction  processes.  The  electrode  process  at  the 
high-frequency  arc  corresponds  to  the  oxygen  ion-transfer  process 
at  the  interface  of  the  LnBCN  electrode  and  the  SDC  electrolyte.  The 
electrode  processes  at  the  low-frequency  arc  are  a  combination  of 
the  dissociation  and  surface  diffusion  of  oxygen  species  [28].  The 
resistance  between  the  two  intercepts  at  the  real  axis  is  established 
as  the  area-specific  resistance  (ASR)  of  the  two  interfaces.  The  total 
ASRs  are  divided  by  two  to  obtain  the  single  ASR.  The  fitted  data  of 
the  impedance  spectra  at  different  temperatures  are  listed  in 
Table  2.  The  equivalent  circuit  is  shown  in  the  inset  of  Fig.  5.  Fig.  5 
and  Table  2  show  that  the  ASRs  increase  with  the  change  from 
Ln  =  Pr  to  Sm  primarily  due  to  the  decrease  in  electrical  conduc¬ 
tivity  of  the  samples.  For  example,  the  conductivities  of  the  Ln  =  Pr, 
Nd,  and  Sm  samples  range  from  749  cm'1  to  479  cm'1,  from 
654  cm-1  to  417  cm-1,  and  from  412  cm-1  to  262  S  cm-1  in  the 
600  °C  to  800  °C  temperature  range,  respectively. 

The  ASRs  of  the  LnBCN  cathodes  on  the  SDC  electrolyte  are 
0.056,  0.077,  and  0.11  Qcm2  at  700  °C  for  Ln  =  Pr,  Nd,  and  Sm, 
respectively.  For  a  cathode  material,  the  generally  accepted  target 
ASR  at  the  operating  temperature  is  below  0.15  Q  cm2  [29].  In  this 
study,  all  of  the  ASRs  of  the  LnBCN  cathodes  on  the  SDC  electrolytes 
are  below  0.15  Q  cm2  at  700  °C,  which  meets  the  ASR  requirement 
for  cathodes.  Zhao  et  al.  [30],  Chen  et  al.  [31],  and  Zhu  et  al.  [32] 
reported  that  the  ASRs  of  PrBaCo205+«5  cathodes  on  SDC  electro¬ 
lytes  are  0.078,  0.07959,  and  0.259  Q  cm2  at  700  °C,  respectively. 
Zhou  et  al.  [14]  reported  that  the  ASR  of  the  SmBaCo205+(5  cathode 
on  the  SDC  electrolyte  is  0.19  Q  cm2  at  700  °C.  Zhang  et  al.  [13] 
reported  that  the  PrBaCo20s+5  cathode  ASR  on  the  SDC 
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Fig.  5.  Typical  impedance  spectra  of  the  LnBCN/SDC/LnBCN  (Ln  =  Pr,  Nd,  and  Sm) 
symmetrical  cells  at  600  and  800  °C  in  air.  The  ohmic  resistance  was  subtracted  from 
the  experimental  data. 


electrolyte  is  0.213  Q  cm2  at  600  °C.  Compared  with  the  ASRs  of  the 
LnBaCo205+«5  cathodes  on  LSGM  electrolytes,  those  of  the 
LnBaCo205+«5  cathodes  on  the  same  electrolytes  are  0.070,  0.093, 
and  0.110  Q  cm2  at  700  °C,  respectively,  with  the  change  from 
Ln  =  Pr  to  Sm  [18].  Pena-Martinez  et  al.  [33]  showed  that  the  ASRs 
of  the  GdBaCo205+«5  cathode  on  the  LSGM  electrolyte  are  ~0.41, 
0.23,  and  0.14  Q  cm2  at  700,  750,  and  800  °C,  respectively. 
Comparison  shows  that  the  partial  substitution  of  Ni  for  Co 
decreases  the  ASRs  of  the  LnBCN  cathodes  on  the  SDC  electrolytes. 


Table  2 

Area-specific  resistances  (ASRs)  of  LnBCN  (Ln  =  Pr,  Nd,  and  Sm)  cathodes  on 
Ce0.8Sm0.2Oi.9  (SDC)  electrolytes. 


Temperature 

PrBCN  on 

SDC  (Ocm2) 

NdBCN  on 

SDC  (Ocm2) 

SmBCN  on 

SDC  (Ocm2) 

600  °C 

0.25 

0.35 

0.55 

650  °C 

0.11 

0.16 

0.24 

700  °C 

0.056 

0.077 

0.11 

750  °C 

0.029 

0.037 

0.058 

800  °C 

0.018 

0.023 

0.036 
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This  result  indicates  that  the  LnBCN  materials  display  high  catalytic 
activity  for  use  as  IT-SOFC  cathodes.  The  enhanced  cathode 
performance  can  be  attributed  to  the  decrease  in  the  TECs  of  the 
LnBCN  samples.  In  addition,  Kim  et  al.  [22]  reported  that  the  oxygen 
vacancies  in  NdBaCo2_xNix05+<5  cathodes  increase  with  increasing 
Ni  substitution.  Therefore,  the  increase  in  the  oxygen  vacancy 
concentration  is  another  reason  for  the  improvement  in  the  LnBCN 
cathode  performance.  In  addition,  the  results  obtained  in  this  study 
are  also  significantly  lower  than  those  of  the  Ni-containing  simple- 
perovskite  cathodes.  For  example,  the  ASR  of  the 
Lao.6Sro.4Nio.2Feo.803_,5  cathode  on  the  SDC  electrolyte  is  0.5  Q  cm2 
at  700  °C  [34];  those  of  the  LaNio.6Feo.4O3  cathode  on  the  SDC 
electrolyte  are  1.3  Q  cm2  at  800  °C  [35]  and  2.4  Q  cm2  at  700  °C  [36], 


respectively;  and  that  of  the  Lao.6Cao.4Feo.sNio.2O3  cathode  on  the 
SDC  electrolyte  is  0.44  Q  cm2  at  850  °C  [37]. 

Fig.  6  shows  the  Arrhenius  plots  of  the  ASRs  of  the  LnBCN 
cathodes  on  the  SDC  electrolytes.  The  activation  energies,  which 
were  calculated  from  the  slopes  of  the  Arrhenius  plots,  are  101.7, 
107.8,  and  107.5  kj  mol-1.  These  results  are  lower  than  those  for  the 
SmBaCo205+«5  cathode  on  the  SDC  electrolyte  within  the  same 
temperature  range  [14].  The  activation  energies  of  the  LnBCN 
cathodes  are  also  lower  than  those  of  the  Ni-containing  simple- 
perovskite  cathodes.  For  example,  the  activation  energy  of  the 
Lao.6Sro.4Nio.2Feo.803_,5  cathode  is  127.5  kj  mol-1  [34]  while  that  of 
the  LaNio.6Feo.4O3  cathode  is  133  kjmol-1  [35],  both  on  SDC  elec¬ 
trolytes.  These  results  confirm  that  the  LnBCN  cathodes  exhibit 
high  catalytic  activities  for  oxygen  reduction  reactions. 

3.4.  Single-cell  performance 

Fig.  7  shows  the  I-V  and  I—P  curves  of  the  Ni-SDC/SDC/LnBCN 
cells,  which  were  measured  at  different  temperatures  using  dry 
H2  as  the  fuel  and  ambient  air  as  the  oxidant.  The  open-circuit 
voltages  (OCVs)  of  the  cells  are  all  below  1.0  V.  The  low  OCVs  are 
due  to  the  partial  reduction  of  Ce4+  to  Ce3+  in  the  SDC  electrolyte 
under  a  reducing  atmosphere,  which  results  in  electronic  conduc¬ 
tivity  and  internal  short-circuits  [38].  The  low  OCVs  of  the  cells  can 
be  improved  by  using  oxygen-ion-conducting  electrolytes  (e.g., 
doped  LaGa03)  or  proton-conducting  electrolytes  (e.g.,  doped 
BaCe03  [39])  instead  of  an  SDC  electrolyte.  The  cell  performance  of 
the  LnBCN  cathodes  decreases  with  the  shift  from  Ln  =  Pr  to  Sm 
because  of  the  decreasing  electrical  conductivity  and  increasing 
ASR.  At  800  °C,  the  maximum  power  densities  of  the  cells  in  the 
Ln  =  Pr,  Nd,  and  Sm  cathodes  are  732,  714,  and  572  mW  cm-2, 
respectively.  Kim  et  al.  [22]  also  showed  that  the  cell  performances 
of  the  NdBaCo2-xNix05+(5  cathodes  at  x  =  0.2  and  0.4  are  compa¬ 
rable  with  or  slightly  higher  than  that  of  the  x  =  0  sample, 


Fig.  7.  I-V  and  I—P  curves  of  the  Ni-SDC/SDC/LnBCN  single  cells  with  dry  H2  as  the  fuel  and  ambient  air  as  the  oxidant  in  the  600  °C  to  800  °C  temperature  range:  (a)  PrBCN,  (b) 
NdBCN,  and  (c)  SmBCN. 
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suggesting  that  substitution  of  a  small  amount  of  Ni  for  Co  in  LnBCN 
improves  the  cathode  performance.  However,  the  cell  perfor¬ 
mances  are  lower  than  those  of  the  LnBaCo205+<5-SDC  composite 
cathodes  because  of  the  higher  TECs  of  the  LnBCN  materials  [18]. 
Improvements  in  TECs  and  interfacial  properties  by  the  use  of 
LnBCN-SDC  composite  cathodes  require  further  investigation. 

4.  Conclusions 

LnBaCoi.6Nio.405+<5  (LnBCN,  Ln  =  Pr,  Nd,  and  Sm)  materials  were 
prepared  and  subsequently  investigated  as  potential  IT-SOFC 
cathodes  on  SDC  electrolytes.  PrBCN  and  NdBCN  crystallized  into 
a  tetragonal  structure,  while  the  SmBCN  material  exhibited  an 
orthorhombic  structure.  The  LnBCN  materials  are  chemically 
compatible  with  the  SDC  electrolyte  at  temperatures  below  950  °C. 
The  substitution  of  Ni  for  Co  lowered  the  TEC  and  ARS  of  the  LnBCN 
cathodes,  thus  increasing  cell  performance.  The  high  electrical 
conductivity,  chemical  compatibility,  and  catalytic  activity  of  the 
LnBCNs  make  them  good  candidates  as  IT-SOFC  cathodes.  Although 
the  TECs  of  LnBCN  are  lower  than  those  of  LnBaCo20s+5  cathodes, 
these  were  still  higher  than  those  of  typical  electrolytes.  Therefore, 
further  decreases  in  the  TECs  of  LnBCN  materials  through  the 
introduction  of  an  ionic  conducting  phase,  such  as  doped  ceria,  to 
form  a  composite  cathode  can  improve  their  interfacial  and  elec¬ 
trochemical  performances. 
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